The extent to which fish populations can compensate for changes in stock size has an important bearing on the capability of stocks to survive fishing and other pressures. The degree of compensation can be linked with the extent to which juvenile fish populations concentrate during their early life history. Populations that concentrate into nursery grounds during the first year of their lives may approach the carrying capacity of their habitat in years when settlement is high, and this limitation may then moderate the population size. In other species, pelagic throughout their juvenile lives, there is little or no concentration effect. A statistical analysis is described comparing best-fitting stock-recruitment relationships fitted to published data for a large number of stocks. It is shown that in those species that do not concentrate the relationship is typically close to linear, whereas in those that concentrate the relationship tends to be sharply curved away from a straight line. Theory suggests that in those species that concentrate the scatter of recruitment around a stock-recruitment relationship is less variable than in those that do not concentrate. Analysis of the data suggests that patterns in variability are broadly in line with this hypothesis.
Introduction
An understanding of the mechanisms that permit some fish populations to sustain themselves, and even in some cases to regenerate after catastrophic collapses, is clearly of great importance in an age of increasing pressures on the natural resources of the sea. The mechanisms that might govern this compensation for losses due to natural mortality, excessive fishing pressure, or unfavourable environmental effects have been extensively studied, but a complete explanation has remained open to question. We consider compensation in a number of fish stocks from around the world, and review the statistical evidence for the concentration hypothesis (Beverton, 1995) that might in part explain compensation.
The degree of compensation is often defined purely in terms of the stock-recruitment (S/R) relationship, the number of young fish recruiting to the population (on average) in relation to the size of the spawning stock size. Where this relationship is linear, or nearly so, there is little capability for a decrease in stock size to be compensated. The ratio of recruits to spawning stock size is roughly constant and any decrease in stock size results in a proportionate decrease in recruitment. In contrast, other populations are characterized by roughly constant recruitment over a wide range of stock size (though inevitably recruitment falls away to zero as the stock is driven to extinction). The classical BevertonHolt S/R model has this type of dynamics, with a recruitment to stock size ratio that decreases as stock size increases, so that average recruitment approaches a horizontal asymptote. A population with this kind of relationship can compensate for reductions in stock size and, if left to its own devices, can recover from stock collapse.
The S/R relationship alone is only part of the generation cycle. A full understanding of compensation requires that the stock size derived from any given level of recruitment, often called the replacement function, should also be taken into account (Beverton, 1992) . It is the degree of separation between the S/R and replacement curves that overall determines the degree of compensation that exists in a fish population. The idea of measuring compensation by this separation, mainly by †Deceased 23 July 1995. the curvature away from a straight line, will be explored further.
A second element of the mechanism of compensation is the recruitment variability that is evident in most fish stocks. In broad terms, variability would be expected to be least in those stocks that possess a high degree of compensation (Beverton and Iles, 1992b; Beverton, 1995) . Density-dependent effects are generally associated with a high degree of damping in the variation in population numbers from year to year. Good examples that illustrate this are European plaice (Pleuronectes platessa) and sole (Solea solea), notably resilient populations in which variation in recruitment numbers is relatively low. In contrast, recruitment variability is much greater in pelagic species such as Californian sardine (Sardinops caerulea) and Peruvian anchoveta (Engraulis ringens). Populations of both species have suffered catastrophic collapses. It must be emphasized that variation here is considered in terms of departures from an average recruitment given by a S/R relationship, and not in gross variation that might be caused by changes in stock size.
There is a different kind of mechanism that might sustain a population even when under pressure, and which is associated with high recruitment variability. The occasional production of an outstandingly good year class can allow the stock size to recover, albeit temporarily, from previous depletion. North Sea haddock (Melanogrammus aeglefinus) is a famous example of such a stock, where average recruitment remains constant over a wide range of stock size and where exceptionally good year classes occur from time to time. Although such populations are resilient, they do not exhibit low variability around the S/R relationship.
It may be supposed that an explanation for some of the variation that is evident in stock and recruitment data around any fitted theoretical relationship lies in changes in mortality rates that occur from year to year as a result of environmental and other factors. The theoretical connection between the survival curve, representing the change in numbers of fish in time, and the corresponding S/R relationship is the key to the understanding of the role of variability at different stages in the life history of the fish. Details of the mathematical nature of this correspondence for the simple 2-parameter Beverton-Holt, Ricker and Cushing S/R relationships have been presented elsewhere (Rothschild, 1986; Fogarty et al., 1991; Iles and Beverton, 1998) . Where survival follows a simple exponential decline, so that a plot of the natural logarithm of population numbers against time is a straight line, differing starting numbers give parallel straight lines if the mortality rate remains the same. Differing mortality rates give a family of lines around each of these trajectories, so the combined effect of the changes is an increase, albeit generally a modest one, in variation. The corresponding S/R relationship is also a straight line, whose slope depends on the mortality rate. Thus, in a S/R plot, with data from years with slightly differing mortality rates, variation gradually increases as stock levels increase. However, in a plot of the logarithm of recruitment against stock size variation around the relationship is constant. In the cases of the Cushing and Beverton-Holt models, the corresponding survival functions are curved. Variation caused by changes in starting numbers is very strongly damped in time (Rothschild, 1986; Beverton and Iles, 1992b; Fogarty, 1993) . This damping may be less marked if mortality rates also change in time, particularly if these changes are in the density-independent component of mortality, but in practice the overall effect is a reduction in variation along the survival curve. The S/R relationships are also curved, with a gradual increase in variation in the Beverton-Holt case, but approximately constant variation in the Cushing case. Variation around the curve in a plot of the logarithm of recruitment against stock size is roughly constant over a wide range of stock sizes though this variation decreases at lower stock levels. In the Ricker model, the survival curves of logarithms of population size against time are straight lines, and different mortality rates can give lines that cross each other. The curve is domed with gradually increasing variation, but again over a wide range of stock variation of the logarithm of recruitment around the theoretical S/R curve is roughly constant.
The concentration hypothesis
A complete study of the compensatory mechanisms in fish populations requires an examination of the survival curves for each of the key stages in the life history. Beverton and Iles (1992b) analysed the available evidence for one species, the European plaice in the North Sea. Figure 1 is a representation of the survival curve, showing the variation in observed numbers of eggs, larvae, and young fish during different life history stages. During the egg phase, the variation around average population levels remains roughly constant from one stage to the next. Thus, an event at any stage causing either an increase or decrease in egg numbers from the average would be reflected in a proportionate change at the end of the egg stages -there would be no compensation. During the pelagic larval stage, a decreased average rate of natural mortality is accompanied by a marked increase in variability. Average mortality rate is further reduced following metamorphosis and the adoption by the larvae of a demersal habitat. The striking feature of this period in the life history is the diminution in variation. It is our hypothesis that it is during this phase of the life cycle that compensatory effects are exercised. Whatever variation might be observed from one year to the next in the 217 The concentration hypothesis numbers of larvae during the pelagic stage, much less variation is evident following settlement, and this variation is further dampened during the first year of life. There is a comparatively narrow window through which all trajectories pass, no matter what had occurred during earlier stages.
The link between damping in variation in population numbers and the strong concentration effect of this species during the period following settlement remains a hypothesis of course. Nevertheless, plaice are strong concentrators, the population has proved to be remarkably resilient and recruitment variability is low in comparison with other stocks. The S/R diagram for the stock is reproduced in Figure 2a . The pattern in the data is characteristic of many flatfish stocks, with recruitment varying around a relatively constant value. In this case, average recruitment falls slightly at increased stock sizes. The variation around the average remains similar throughout the range of stock size for which data are available. Unfortunately, we can think of no other stock for which both a S/R diagram and a survival curve can be compared. The data necessary to draw up a survival curve are difficult and expensive to obtain.
Up until the 1950s, it had been felt that the important period for the determination of the eventual size of a year class was in the pelagic stage. Hjort (1914) enunciated the idea of a ''critical period'' following the absorption of the egg sacs by the larvae. Subsequent reviewers (Marr, 1956; May, 1974; Rothschild, 1986) examined the evidence available and it is now evident 
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T. C. Iles and R. J. H. Beverton that recruitment limitation is determined also by events later in the life history. Walters and Juanes (1993) referred to adjustments during the pelagic larval phase as ''fast coarse'' control. Later adjustments occurring during the post-settlement phase they called ''fine'' control. Our examination of European plaice 0-group mortality (Iles and Beverton, 1991; Beverton and Iles, 1992a, b) had led us to suspect that the mechanism at work in compensation is one of density dependence. Plaice, like other flatfish, become demersal (settle) on metamorphosis. Their habitat is immediately concentrated from a three-dimensional one to two dimensions, and there is now some evidence of density-dependent mortality during this period (van der Veer 1986; van der Veer et al., 1990; Pihl, 1990; Bailey, 1994) . These ideas led one of us (Beverton, 1995) to suggest the concentration hypothesis, the implications of which are summarized in three theses:
(1) The long-term dynamics of populations that concentrate in the immature phase should show evidence of strong ''compensation''; i.e. the S/R curve should curve sharply towards its peak while the adult population is still well short of its potential maximum size and before symptoms of adult ''overcrowding'' appear. The relationship should be only slightly curved in species that do not concentrate spatially during the pre-recruit stage. (2) Year-to-year deviations of recruitment from the underlying S/R curve (plotted on a log scale) should on average be smaller in species that concentrate in the early life history than in those that do not. (3) In a population with strong concentration in the immature phase, the relative deviations of annual recruitment from the underlying S/R curve should decrease as recruitment increases towards its maximum size and the carrying capacity of the juvenile habitat is reached. The probability distribution of annual recruitment should become negatively skewed as recruitment approaches its maximum level, because density-dependent forces would suppress above-average metamorphosing numbers to a greater extent than they would suppress belowaverage numbers. In contrast, in a population limited mainly by adult crowding, the probability distribution should remain symmetrical and the coefficient of variation stay largely unchanged throughout the range of recruitment.
It is our aim partly to test these theses rigorously but also to examine the more general question of whether consistent patterns can be detected in S/R data arrays and, if so, whether they are associated with taxonomic or biological features of the populations concerned. Three main characteristics are investigated, the degree of compensation, defined by the extent to which average recruitment bends upwards and away from a proportional line, the comparative level of variation around the S/R relationship and the pattern of this variability with increasing stock size.
This analytical exercise is demanding in the extent and quality of stock-recruit data sets, particularly in the case of studying variability. The investigation is only feasible because of the substantial number of such data sets available now. Even so, exacting criteria are needed before a data set can be included in an investigation of this kind, and many data sets that might have been used have had to be rejected.
Methods and data
Stock and recruitment series covering a wide range of species are now available for a number of geographical regions, albeit confined largely to the Arctic and northern temperate regions. The more extensive of these series provide the evidence for this paper. Stock assessments are generally updated annually by a number of agencies. We do not give details of all the data sources; the extensive summary of S/R series by Myers et al. (1995) has precise references to most, if not all, stocks considered here.
A series covering only a short period of time suffers from the defect that recruitment (or stock size) might be affected by short-term but unknown biotic or abiotic effects. The identification of a S/R function from such an array would then be biased, and conclusions subsequently drawn would be flawed. We have therefore restricted our analysis only to those stocks for which at least 20 successive years are available of spawning stock size and corresponding recruitment numbers. We have also excluded freshwater species, whose concentration effects are likely to be markedly different from those of marine species. The very extensive data sets on Pacific salmon have similarly been excluded since these species spend a part of their life cycle in freshwater rivers and lakes. Even so, we have been able to include some 63 stocks.
The early life history of fish, specifically 0-group fish, has been extensively studied (e.g., Blaxter, 1974; Gibson, 1994; Parrish, 1973; Lasker and Sherman, 1981; Blaxter et al., 1989) . With this information, and other sources (e.g., Daan et al., 1990) , a tentative division of the species considered may be made according to the extent of spatial concentration during the juvenile stage. The stocks with the most appreciable degree of concentration are flatfish such as European plaice, common sole, and, to a lesser extent, Pacific halibut (Hippoglossus stenolepis). These and other concentrating flatfish species are grouped together under the heading of benthic. A second group, consisting mainly of gadoids, has been grouped together as proxima-benthic. Many juvenile 219 The concentration hypothesis gadoids move close to the seabed after metamorphosis. This is particularly evident, for example, in Atlantic cod (Gadus morhua) and saithe (Pollachius virens) (Daan et al., 1990; Godø and Wespestad, 1993) . Myers and Cadigan (1993) suggested that in some gadoids densitydependent mortality might be evident during the early pelagic phase. Thus, whilst these species are by no means as liable to concentration effects as are the flatfish, they can be described as moderate concentrators. At least one other gadoid stock, however, North Sea haddock, does not concentrate at all during the juvenile phase (Daan et al., 1990) . A third grouping is of species whose habitat is largely pelagic. Amongst these, herring (Clupea harengus) concentrates only to a limited extent during the larval or juvenile phases, although juvenile herring are caught on beaches in seine nets (D. H. Cushing, pers. comm.). However, this species is subject to spatial constraints in the egg deposition process, where preferred substrate types are essential for spawning and where there can be a smothering of underlying egg sheets if the layers of deposition are thick. Other small pelagic species (anchovies and sardines) do not concentrate at all in the pre-adult stage of their lives, and do not deposit their eggs on a substrate. The extreme species amongst the non-concentrators is the Pacific Ocean perch (Sebastes spp.). The broad and somewhat imprecise grouping according to the degree of juvenile concentration is summarized in Table 1 , extending the classification suggested by Beverton (1982) . Ideally, the degree of concentration should be quantified, perhaps by a measure of the maximum density of young fish; however, only for a few species is such information available. There are, moreover, further difficulties in devising a measurement that would be comparable between the extremes of a benthic species and a pelagic one.
One further factor that should be taken into account in assessing the degree of concentration is the period over which the population inhabits the critical habitat. Although a precise estimate of the duration of spawning time for European plaice, for example, is not available at present, observation suggests that it is short; females remain on the spawning grounds for only a few weeks (Rijnsdorp, 1989) . Thus there is a marked degree of temporal concentration as well as spatial concentration described above.
To characterize a data set according to the shape of the best-fitting S/R relationship, a range of well-known (Iles, 1994) . If fitting is done to the logarithm of R, the assumption of normality and constant variance in the error term of the model is generally acceptable. Figure 2 shows the characteristic shapes of representative stocks of the three main groupings, benthic, proxima benthic, and pelagic. Table 2 lists the bestfitting S/R curve for all 63 stocks, split into the major groupings defined above. Species were sorted tentatively in decreasing order of concentration of juveniles with a corresponding code number. A point that must be emphasized is that the identification of a best-fitting model of constant recruitment should be taken as a strong indication of compensation. Since the complete curve has to pass through the origin at some level of stock size below that observed in the historical data, the S/R curve must start to curve sharply. The strongest degree of compensation is indicated by a domed relationship, which was only indicated in four cases, two of which are three-parameter models. In a further six cases we have suggested that the available data represent the right-hand limb of a domed relationship and have fitted a Ricker curve. In contrast, a stock for which a proportional line is the best fit exhibits least concentration.
Inspection of Table 2 indicates that there is some evidence in support of the concentration hypothesis. Among the 10 benthic stocks, most have a domed or constant S/R relationship. The only exception is the eastern Aleutian Islands Greenland halibut (Reinhardtius hippoglossoides). In the proxima-benthic stocks the degree of compensation is slightly less marked, but there is a distinction to be made between haddock and other gadoids. In one of the haddock stocks in the Faroe grounds, there is a strongly domed relationship. In two of the remainder a constant recruitment is identified, but the coefficient of variation is high in both cases. In the north-east Arctic stock, very little if any compensation is indicated with a proportional line as the best fit. For the rest of the proxima-benthic stocks, with the exception of Pacific whiting (Merluccius productus), some degree of curvature is present, particularly among saithe. Turning now to the pelagic species, there is some indication of compensation among herring stocks, particular those in the Pacific. In one stock, in the North Sea, there is sufficient evidence of curvature for a domed (Ricker) relationship. In contrast, in the south and south-west Ireland stock there is no compensation evident, with a proportional line as the best fit. The remaining best-fitting relationships among the herring are either constant or less strongly curved with a two-parameter function identified. Of the remaining somewhat heterogeneous collection of small pelagics the degree of curvature is on average fairly low. Finally, the three Pacific Ocean perch stocks show an ambiguous picture. One indicates compensation, another does not, and the third is wholly equivocal.
This qualitative analysis, while of some interest in itself, is inconclusive, and we now explore the possibility of deriving a single parameter from the fitted relationships as a numerical measure of curvature. If a substantial number of the data sets had required threeparameter models, then we would have suggested a comparison of the dimensionless parameters of the Saila-Lorda or c of the Shepherd curves. However, in only two cases is such a model statistically justifiable. The simplest parameter of the two-parameter models to use for comparisons is the dimensionless of the Cushing curve, because it has the merit of encompassing most data sets. In those cases where average recruitment gradually decreases as stock sizes increase, and our suggestion is that the data are on the right-hand limb of a dome, the value of for the best-fitting Cushing curve will be negative. Where a constant model is indicated or the data straddle a pronounced dome, will be close to zero. For data sets with moderate curvature, the Beverton-Holt or Cushing model is the best fit, generally with little to choose between them and intermediate between zero and unity. Where a proportional line is indicated, will be close to unity. In the few stocks with exceeding unity there is evidence of depensation (a stock exhibiting depensation to any marked extent is likely to be extremely unstable, since it cannot compensate for external pressures that decrease the stock size).
It is worth considering also the parameter a of the alternative Beverton-Holt or of the Ricker functions as a measure of curvature. An immediate problem of both is that they are not dimensionless, their dimensions are respectively R 1 and S 1 , where R and S are the dimensions of recruitment and stock measurements. As Kimura (1988) has pointed out, however, it is possible to reformulate both models (and the threeparameter models) in a dimensionless form, replacing S and R by S/S 0 and R/R 0 , respectively, with S 0 and R 0 convenient benchmark measurements such as the unexploited biomass and corresponding ''unexploited'' recruitment. Very little information is available on unexploited biomass for virtually all stocks analysed and so for comparison purposes we normalized to the geometric mean of R and arithmetic mean of S for each data set. The normalized value of the parameter a from the Beverton-Holt model is thus the estimate obtained from analysis of the raw data multiplied by geometric mean recruitment. The Ricker parameter is multiplied by arithmetic mean stock size. Plots described in the next section for Cushing are almost identical to those for normalized Ricker and Beverton-Holt a, and it is thus superfluous to include the latter two.
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The concentration hypothesis Table 2 . Indication of best-fitting type of stock-recruitment relationship (Ri: Ricker -indicated in parentheses if based on a dome in the data or only on a decreasing right-hand limb; Cu: Cushing; BH: Beverton-Holt; Sh: Shepherd; SL: Saila-Lorda; Co: constant; Pr: proportional) for 63 fish stocks with indication of grouping and code in decreasing order of degree of concentration. Where more than one type is indicated, it is not possible to distinguish statistically amongst those listed, but they are given in order of increasing error sum of squares. Figure 3 is a plot of the values of the shape parameter from the best-fitting Cushing equation, a numerical measure of compensation, against the species code ordered in respect of the expected degree of concentration discussed above. From left to right the degree of concentration decreases. It is apparent that the negative and zero values of are most prevalent among the flatfish; slightly greater values are observed among the proxima-benthic species. Three groups, European plaice, common sole, and saithe, stand out from the rest. In herring, values of between zero and unity are indicated and for the miscellaneous pelagic and Pacific Ocean perch stock appears closer to unity. Overall, however, evidence that a greater degree of compensation is to be found in species that concentrate is perhaps not wholly convincing. Most values of are clustered together around 0.2-0.4 and there are also many inexplicable exceptions to the pattern, particularly the Pacific whiting and Aleutian Islands Greenland halibut stocks, in which very little degree of compensation is evident. It could be that this is a limitation of the use of the single parameter . In many cases the Cushing curve is forced, in somewhat Procrustean fashion, through data that indicate some other form of function should be used.
In seeking a numerical index that differentiates a stock exhibiting strong compensation from one that is less resilient on the basis of the shape of the S/R relationship, it is the degree of separation between the fitted S/R curve and the function representing the relationship between recruitment and subsequent stock size (R/S curve) that has to be measured. For the latter we chose as a reference a straight line joining the origin to the average value of recruitment on the S/R curve at the maximum observed value of stocks. We refer to this line in what follows as the reference line. The maximum difference MD between the two functions (see Fig. 2 ) is a measure of compensation. In those cases where a horizontal straight line was identified as the best-fitting S/R function, MD occurs at a point to the left of the minimum observed stock. Since constant levels of recruitment could not persist down to very low stock levels the theoretical S/R function was extrapolated from the horizontal line to the origin using a parabola so that MD can be calculated. Although MD is a direct nonparametric measure of compensation, it is not dimensionless and hence has to be scaled in some way to allow comparisons across stocks. Several methods of scaling were investigated and although only one is described here in detail, some other methods will be briefly discussed.
The ratio of MD to the recruitment R MD on the reference line at the stock level at which this maximum occurs is dimensionless. However, there are data sets for which this ratio is not representative of curvature. In the case of North Sea haddock, for example, the coefficient of variation in recruitment is high, and the best-fitting relationship is one of constant recruitment. The ratio MD/R MD is high simply because MD occurs at a low stock size, where R MD is fairly low. Conceptually, however, this S/R array does not indicate a high degree of compensation compared with other stocks, and in fact the separation between the S/R function and the reference line remains roughly constant over a wide range of stock size. A second scaling of MD that was investigated was to divide by the maximum observed recruitment R max . One attraction of this ratio is that it takes a value between zero and unity. However, R max is by its nature an unusual observation, and one particular wild value might unduly influence the ratio MD/R max and make it less valuable for comparisons. Instead, therefore, a notional typical upper value for the stock was calculated using the ideas of statistical confidence intervals as:
where ln R denotes the arithmetic mean of the natural logarithms of the recruitment series and SD lnR the standard deviation. The underpinning statistical assumption for R u is that the R data are, at least approximately, lognormally distributed. Figure 4 shows this measure of compensation for the 13 groupings of stocks. The means for these groups are highly significantly different (p<0.0005) in an analysis of variance, and significance remains (p=0.005) when the grouping is coarsened to just benthic, proximabenthic, pelagics, and Pacific Ocean perch. Moreover, there is a clear trend of a decrease in compensation Table 2 ).
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The concentration hypothesis with the benthic species, on the left, the most strongly compensating and Pacific Ocean perch the least. Since this conforms to the degree of concentration experienced in the juvenile phase by those species, this evidence is confirmation of thesis 1 of the concentration hypothesis.
Variation
We examine now the pattern of variation in recruitment about the average level represented by the S/R relationship. This variation can be measured by summarizing the residuals, measured as the differences of the observed natural logarithms of recruitment from the best-fitting relationship (to log R). The standard deviation of these log residuals is a measure of variability and, since a log scale is used, the measure is dimensionless so that comparisons across stocks can easily be made (Fig. 5) . The increase in standard deviation as the level of concentration decreases is striking. The means of the standard deviations for the groups are significantly different in an analysis of variance test (p<0.0005). As further evidence of a tendency for those stocks that have a high degree of compensation to be inherently less variable than those that do not, Figure 6 displays the compensation measure derived in the previous section plotted against the standard deviation of the residuals. The index of curvature and variability are clearly associated, high curvature being associated with low variability, generally confirming thesis 2 of the concentration hypothesis.
We now turn to the question of how recruitment variability around the S/R curve changes, if at all, as the stock size increases. Thesis 3 states that in populations with strong concentration in the immature phase these deviations should decrease as the stock size increases towards its maximum size. In contrast, in populations with little or no concentration effect the deviations should remain relatively constant. A plot of the standardized residuals against stock size would be one way of depicting this phenomenon. However, a more sensitive method of comparison suggested by Altman (1993) is to plot the absolute values of the standardized residuals. Any diminution in the standardized residuals as stock size increases is manifest as a decrease in the absolute residuals. Figure 7 shows a typical example of such a plot for a strongly concentrating species, the Hecate Strait English sole (Pleuronectes vetulus), and the marked decline in the standardized residuals indicates the reduction in variability as stock size increases. The reduction can be quantified by the slope of the regression. This stock is unusual amongst those surveyed in that the available stock assessment data for Table 2 ). Table 2 ). 
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T. C. Iles and R. J. H. Beverton the beginning of the period (1946) probably measure the stock in a relatively unexploited state (Fargo, 1994) . Thus, Figure 7 typifies the appearance that the concentration hypothesis suggests should be seen in a stock that concentrates in the juvenile phase. Over all stocks surveyed, however, the evidence for thesis 3 is weak. Figure 8 shows the slopes of the regression lines of absolute residuals on stock size, plotted against the concentration grouping. Two outliers have been omitted for clarity. These are coincidentally both Hecate Strait stocks, of Rock sole (Pleuronectes bilineata) and Pacific cod (Gadus macrocephalus), with slopes of 0.142 and 0.0647, respectively. Amongst several of the flatfish stocks, variation tends to remain constant over a range of stock size and even, in a few cases, to be greatest at the largest stock sizes observed. Even more perplexing is that several herring stocks show a trend of diminishing variation at high stock levels. A possible explanation for the apparent contradiction of thesis 3 is that most stocks have been heavily exploited over the period for which data on stock and recruitment are available. Beverton's concentration hypothesis is that diminution of variation, and skewness in the distribution of recruitment around an average, will only be evident as the stock level approaches its maximum possible size. Perhaps also the low variation at high stock sizes in some of the stocks is a chance occurrence from the relatively rare occasions on which high stocks were observed.
Discussion
There are several refinements that could be made to the analyses presented here had more information been available. Iles and Beverton (1997) and Fargo (1994) among others have shown how some of the variability around fitted S/R relationships can be explained by the incorporation of additional information on biotic or abiotic effects that affect recruitment in the equation. However, we decided not to incorporate any additional variables, because there is at present no consensus about the important influences on recruitment that would enable us to treat all data sets in a consistent manner. A further assumption of the error structure of the simple regression model is that errors are uncorrelated. We investigated whether there was evidence of cyclic trends in the data, and for several stocks periods of around 12 years were suggested. In some of the stocks for which longer series are available there is also some evidence of longer periods. Cabilio et al. (1987) showed that there were significant periodic components in fish catches in the New England-Fundy and Grand Banks areas off the east coast of North America, and tentatively linked these trends with the 18.6-year lunar cycle. This is not the place to investigate these time dependencies further. We can make no adjustment for periodic components in the absence of firm evidence of the factors causing the variability, and data with which to measure the effects. However, we have to assure that there is no bias in the identification of best-fitting S/R functions. As a check for this, all series were re-analysed with up to 5 years of data omitted. In all cases the fitted relationship was of the same general shape as the best-fitting relationship to the complete data set. Because we have restricted our attention to series with at least 20 data pairs and therefore at least one complete periodic oscillation will have been included, it is most unlikely that there is any systematic bias in the parameter estimates because of these periodicities.
The assumption that S is measured essentially without error is not sustainable (Fargo, 1994) . A model fitting procedure in which errors are assumed to be associated Table 2 ).
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The concentration hypothesis with R as well as with S is therefore indicated. This would not be straightforward to do. Much has been written on this subject in the technical statistics literature (for a recent review see Cheng and Van Ness, 1999) . However, this methodology is not presently established amongst practitioners, and further development is still needed, particularly in non-linear regression. Moreover, far more initial information, usually about the error variances, needs to be available a priori than is the case in simple linear regression, and great care is necessary in the choice of the appropriate statistical model. To check that our parameter estimates were reliable, we made an informal comparison between the variances of R and S by measuring the variation of each about a smoothed time trend, discarding any data set where the variation in S was appreciable compared with that of R. Methods of fitting functions with errors in both variables give very similar results to those assuming errors in just one of the variables, so long as one variance dominates the other. We are therefore confident that our function parameter estimates are not biased.
Even with these reservations, we are now confident that the concentration hypothesis has stood up to the tests that we imposed. We have shown that compensation in fish stocks, defined by the curvature of the relationship away from a straight line, is strongest in those species that concentrate spatially during their early life history. Furthermore, this strong compensation is associated with a relatively low degree of variation around the fitted curve. These characteristics were suggested by Beverton (1995) as hypotheses A and D. The evidence that we have presented for thesis 3 (B1, B2 and C of Beverton, 1995) is, however, weaker. In a sense this is not surprising. Stock and recruitment data are gradually improving, but nevertheless are still very noisy. Theses 1 and 2, concerned respectively with average recruitment and the variation around this average, are relatively undemanding on the data. Thesis 3, on the other hand, concerned with the shape of the probability distribution of recruitment around the average, is very demanding and is therefore much more difficult to test.
Author's note A paper on the statistical evidence in support of the concentration hypothesis was in preparation at the time of Ray Beverton's death in 1995. This paper was prepared from drafts and data analysis done up to that time. The temptation to include new material, or new and revised data sets, has been resisted so that this paper genuinely represents joint work.
